Novel gluino cascade decays in E§ inspired models 
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We point out that the extra neutralinos and charginos, generically appearing in a large class of 
Eq inspired models, lead to distinctive signatures from gluino cascade decays involving longer decay 
chains, more visible transverse energy, softer jets and leptons and less missing transverse energy 
than in the Minimal Supersymmetric Standard Model (MSSM). On the one hand, this makes the 
gluino harder to discover for certain types of conventional analysis. On the other hand, the E§ 
inspired models have enhanced 3- and 4-lepton signatures, as compared to the MSSM, making the 
gluino more visible in these channels. After extensive scans over the parameter space, we focus on 
representative benchmark points for the two models, and perform a detailed Monte Carlo analysis 
of the 3-lepton channel, showing that E§ inspired models are clearly distinguishable from the MSSM 
in gluino cascade decays. 
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INTRODUCTION 

The general idea of softly broken Supersymmetry 
(SUSY) provides a very attractive framework for physics 
models beyond the Standard Model (SM), in which the 
hierarchy problem is solved pp. In addition SUSY may 
provide a dark matter (DM) candidate, a route towards 
a grand unified theory (GUT), and indirect support for 
String Theory. However, it is not strictly necessary that 
SUSY provides all of the observed relic abundance or that 
the theory is perturbative right up to the GUT scale. 

The simplest SUSY extension to the SM, the Minimal 
Supersymetric Standard Model (MSSM), has been sub- 
jected to particularly close scrutiny at the CERN Large 
Hadron Collider (LHC). For example, searches at AT- 
LAS [2] and CMS [31, under certain assumptions, con- 
strain the MSSM gluino mass to be greater than about 
500-700 GeV, while the squarks of the first and second 
family are typically constrained to be heavier than about 
1 TeV. ATLAS and CMS indications of a Higgs boson 
with a mass in the region ~ 124-126 GeV [H[S] also sug- 
gest that some of the third family squark masses should 
also exceed 1 TeV, although this is not necessary in more 
general SUSY models such as the Next-to-Minimal Su- 
persymetric Standard Model (NMSSM) [BHS]. 

The idea of SUSY is more general than either the 
MSSM or the NMSSM. Here we shall focus on theo- 
retically plausable models which are motivated by an 
Eq gauge group, typically arising in many string con- 
structions, and which involve three complete 27 repre- 
sentational families of Eq at the TeV scale, each fam- 
ily consisting of a complete 16-component SM family 
Q, u c , d c , L, e c , v c , colour triplet and antitriplet D, D, two 
Higgs doublets H u ,Hd and one SM singlet S. For defi- 
niteness we shall consider a particular model called the 
EgSSM [10], where the right-handed neutrinos v c are de- 
coupled at a high scale, although analogous results ap- 



ply more generally to the other Eq models [TT] with a 
low energy gauged U{\)' [12]. It is well known [T3] that 
in such Eq models the neutralino and chargino sectors 
of the MSSM are augmented by eight additional neu- 
tralino states: two associated with the fermionic partners 
to the Z' and third singlet S3 (denoted USSM neutrali- 
nos), two further singlinos Si. 2 and four neutral Higgsi- 
nos. It is the singlet S3 which acquire a vacuum expec- 
tation value (vev) (S3) = s/y/2 and provides an effec- 
tive /i-term, y=H 3u H 3d . There are also two additional 
chargino states. Moreover, it has been pointed out that 
two of the extra singlet-dominated neutralino states must 
be light, with one of them most likely being the lightest 
supersymmetric particle (LSP), providing a new possible 
source of dark matter [J3] as well as interesting Higgs [2] 
phenomenology. 

In this paper we show that the augmented neutralino 
and chargino sectors of the Eq models lead to distinctive 
signatures from gluino decays. This is significant since 
colour octet gluinos are expected to be pair produced at 
the LHC with rather large cross-sections, then, due to 
R-parity conservation, decay into pairs of the LSP to- 
gether with leptons and jets. We point out that in Eq 
models, due to the augmented neutralino and chargino 
sectors, the gluino cascade decays will generically involve 
more links in the decay chains and less missing trans- 
verse energy than in the MSSM. To illustrate this, we 
perform scans over parameter space and focus on partic- 
ular benchmark points in the MSSM and EgSSM which 
we subject to a detailed Monte Carlo (MC) analysis. 



PARAMETER SPACES 

WMAP [TS] puts a bound on the LSP's relic den- 
sity and the recent XENON100 experiment [16] puts a 
bound on the direct detection cross-section for the LSP 
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ratio of the third family Higgs VEVs, Ma is the mass of the 
psuedoscalar Higgs boson and A is the soft trilinear coupling. 
A common squark and slepton mass scale was fixed to Ms = 2 
TeV. For the EgSSM a large number of Yukawa couplings were 
scanned over which is omitted from this table. 



for a given relic density. These constraints exclude large 
portions of the parameter space for SUSY models. We 
have used CalcHEP [FT] and MicrOMEGAs [T8] when scan- 
ning the parameter spaces of the MSSM and EgSSM to 
pick out benchmarks which satisfy these constraints on 
the LSP as well as constraints from collider experiments. 
The scanning regions are presented in Tab. |l]and points, 
including benchmarks, are plotted in the plane of the 
LSP relic density and the direct detection cross-section 
in Fig. [T| 

The gluino decay chain length, I, relevant here is de- 
fined as the number of steps in the gluino decay chain 
after the first squark and illustrated in Fig. [2} To be able 
to compare the models on a common basis the gaugino 
masses were fixed so that a gluino mass of 700 GeV, a 
wino mass around 300 GeV and a bino mass around 150 
GeV were provided. By contrast the squarks are all as- 
sumed to be much heavier, which is a characteristic fea- 
ture of the constrained EgSSM [19], with universal high 
energy soft scalar and gaugino masses, although here we 
only consider the low energy version of the model. 



BENCHMARKS 



The benchmarks considered for MC event analysis are 
summarized in Tab. [II] and encircled in Fig. [I] These 
benchmarks do not provide the whole observed amount 
of dark matter and so an additional source of dark matter 
is assumed. For the chosen MSSM benchmark the LSP 
is bino-like and annihilates via the pseudoscalar Higgs 
resonance, reducing its relic abundance below the ob- 
served value. For the EgSSM benchmark the overwhelm- 
ingly inert-neutralino-like LSP contains significant inert 
Higgsino components and annihilates via the Higgs reso- 
nance, near 125 GeV. 
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FIG. 1. The scanned regions of the parameter spaces pro- 
jected onto the plane spanned by the spin independent cross- 
section, asi, and the relic density, Qh 2 . The area right of 
the vertical solid line is excluded by WMAP [T3] and the area 
above the diagonal line is excluded by XENON100 [16] where 
the direct detection cross-section exclusion of the LSP gets 
weighted by its relic density. The colouring represents the 
effective gluino decay chain length l e g = ^, I ■ P(l) for each 
point, where P(l) is the probability for a chain length of I, 
as defined in Fig. [2] The chosen benchmarks of MSSM and 
EgSSM are encircled. 
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Decay chain length: 12 3 4 

FIG. 2. The definition of the gluino decay chain length, I. 

EVENT ANALYSIS 

Since the EgSSM introduces new neutralinos, natu- 
rally lighter than the MSSM LSP, the gluino decay chains 
will be longer than the MSSM's in general. This is con- 
firmed and illustrated by the parameter scans in Fig. [T] 
and benchmarks in Tab. [H] An effect of longer decay 
chains is that there will be less missing momentum in col- 
lider experiments. This affects the main SUSY searches 
based on jets and missing energy, e.g. [2J and [2D], which 
provide the best statistics and strongest exclusions. In 
these searches the EgSSM is disfavoured compared to 
the MSSM and the acquired exclusions do not hold for 
this model. The main reason for the suppression of the 
EgSSM comes from hard cuts on missing energy and its 
ratio with the effective mass. Our analysis show that 
the distributions for these variables are significantly dif- 
ferent for these models. The distributions of the miss- 
ing transverse momentum, p , and the effective mass, 
M eff = f T + X; visiblo |py isiblc |, before cuts are plotted in 
Fig. [4] for our benchmarks to illustrate this difference. 
We have generated MC events using CalcHEP [17] with 
CTEQ6L PDFs and we assume 30 fb" 1 of LHC data at 
n/s = 8 TeV. In this setup the cross-section for gluino 
pair-production at LHC for our benchmarks is 93 fb im- 
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TABLE II. Properties of the benchmarks. To the left: in- 
put parameters, including the soft gaugino masses Mi, Mi, 
Mil and the physical gluino mass rrig, probabilities, P{1), of 
certain guino decay chain lengths, I, and relic density and 
spin independent direct detection cross-section of the LSP. To 
the right: masses of neutralinos (absolute values), charginos 
and the lightest Higgs. In the notation for neutralino and 
chargino states the subscript M denotes a MSSM-like state, 
U a USSM-like state and E an E 6 SSM-like state. This distinc- 
tion is reasonable since these sectors are very weakly coupled. 
The following number orders the states by mass. The squark 
and slepton mass scale is set to 2 TeV. Additional Yukawa 
couplings for the EeSSM benchmark is given in Tab. |IH| 



A 22 -5 x 10" 4 
A21 4.2 x 10 -2 
A12 4.5 x 10" 2 
An 1 x 10~ 3 



/d22 1 x 10" 3 
/dai 6.844 x HT 1 
/ d i2 6.5 x 10" 1 
fan 1 x 10~ 3 



fu22 1 X 10" 3 

U21 6.7 x KT 1 
full 6.4 x HT 1 
full 1 x KT 3 



TABLE III. Non-zero Yukawa couplings in the E 6 SSM bench- 
mark. The couplings Ayfc come from the terms \ijkSiHdjH u k 
in the superpotential. Here A333 = A, \z a f3 = \ a p, \ a 3p = 

fda/3, A a /33 = f uoc p, ^iia — Xda, ^3a3 = X ua , and A a 33 = Z a . 

The x and z couplings are all 1 x 10 -3 and A = 5.5 x 10 _1 . 




FIG. 3. Feynman diagrams for the leading gluino decay chains 
for each benchmark. The branching ratios for produced par- 
ticles are denoted in brackets. 



take into account the detector energy resolution typical 
for the ATLAS and CMS detectors. The dominant back- 
ground is coming from ZWj and tiV, other important 
contributions come from ZW and ti. Our background 
predictions agree well with backgrounds used in multi- 
lepton searches by CMS gj and ATLAS [25]. By choos- 
ing a signal region defined by the cut M c s > 900 GeV, 
S = 36 signal events and B = 5 background events are 
expected. Using the definition of statistical significance, 
Svi = 2(y/S + B-VB), valid for small statistics [231211, 
a 8.3cr excess is predicted. Even for 15fb _1 integrated lu- 
minosity the signal is discoverable with a 5.9cr excess. 
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FIG. 4. Missing transverse momentum and the effective mass 
before cuts. 



plying 2790 produced pairs of gluinos. Another impor- 
tant feature of the long decay chains of the EgSSM is the 
increase in lepton as well as jet multiplicity, as shown in 
Fig. [5] This feature allows us to rely on multi-lepton re- 
quirements for background reduction rather than cuts on 
missing energy. There is a significant loss of statistics by 
using this strategy, however, it turns out to be the most 
favourable channel of discovery and a channel in which 
instead the E 6 SSM is largely dominant compared to the 
MSSM. In Fig. [6] the missing transverse momentum and 
the effective mass are plotted for our benchmarks and SM 
backgrounds after requiring three leptons (jj, or e) with 
p T > 10 GeV, |r?| < 2.5 and AR (lepton, jet) > 0.5 and 
where the leading lepton has px > 20 GeV. We have also 
applied a Gaussian smearing of lepton and jet energies to 



'£ 10 3 








MSSM 

— E.SSM; 


o 

CO 2 

/= 10 






c 10 
0) 

> 

LU 1 


















, 


10 








-2 









£ 10 3 
o 

CO 2 

/= 10 

(A 

■E 10 



W 1 

-1 

10 

10 



Number of leptons 



J" 




MSSM 

i-EjSSI/ 


1 



6 8 10 12 

Number of jets 



FIG. 5. Lepton multiplicity and jet multiplicity, requiring 
p T > 10 GeV, \r}\ < 2.5 and Ai?(lepton, jet) > 0.5 for leptons 
and p T > 20 GeV and |r/| < 4.5 for jets. 
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FIG. 6. Missing transverse momentum and effective mass 
after requiring three leptons, one with pr > 20 GeV and 
two with pr > 10 GeV. When applying a cut on the missing 
transverse momentum an estimation of the deviation from the 
SM can be made. For f T > 275 GeV we expect B = 3.24 SM 
events and S — 4.4 events from the EeSSM gluinos, which 
implies al.fo excess. When instead applying a cut on the 
effective mass M e s > 900 GeV we expect S = 36.4 events 
from the E 6 SSM and B = 5.0 events from the SM, which 
implies a 8u excess. 



CONCLUSIONS 

We have demonstrated that the extra neutralinos and 
charginos, generically appearing in E e inspired models, 
lead to gluino decays involving longer decay chains, more 
visible transverse energy, softer jets and leptons and less 
missing transverse energy than in the MSSM. This makes 
the Eq inspired gluino harder to discover for certain types 
of conventional analysis based on large missing energy 
with a conventional multi-jet or 1-lepton analyses, and 
it is possible that the gluino signal in the EgSSM could 
be missed in these channels. On the other hand, the Eq 
signatures have an enriched lepton multiplicity, provid- 
ing distinctive 3- and 4-lepton decay modes, which are 
disfavoured in the MSSM, making the E 6 inspired gluino 
more visible in these channels. For example, the 3-lepton 
signature from gluino cascade decays, may easily be vis- 
ible for the EgSSM, while the analogous signal for the 
MSSM would be buried under the background. 

In conclusion, the gluino is not only a key prediction 
of SUSY, but also distinguishes different SUSY models 
since its visibility depends strongly on the model and on 
the search channel. These specific features of the EgSSM 
and analogous models should be taken into account and 
included in current experimental searches. This could 
provide different limits for the EgSSM gluino, as com- 
pared to the MSSM, or perhaps even to an earlier SUSY 
discovery. 
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